A method of numerical objective analysis has been developed for application to stratospheric constant-pressure data at the loo-, 20, 24, and 31 km., respectively). This system evolved from successive modifications of the programs employed for operational objective analysis of lower-level charts a t t h e National Meteorological Center.
INTRODUCTION
The requirements for daily analysis of stratospheric data have increased with the advent of the International Years of the Quiet Sun (IQSY). Programs such as the WMO-IQSY STRATWARM Alerting System [16, 171 demand expeditious preparation of high-level const,antpressure analyses for etrective execution. In addition, analyses of sufficiently high qutility may be utilized in importa.nt. research on the dynamics and climatology of the stratosphere. Objective computer analysis with outpnt consisting of constant-pressure charts, drawn mechanically, and grid-point data contained on punched cards or magnetic tape, is one means of satisfying these requirement's.
Prior to the commencement of the IQSY, plans were formulated within the U.S. Weather A pilot study [20] carried out for the 100-and 50-mb. surfaces has illustrated the difficulties encountered in subjecting stratospheric data to the computerized analysis techniques used for lower-level charts. In general, the sparseness and inconsistencies of high-level observations necessitate extensive modifications to the Automatic Data Processing (ADP) system originally developed by Bedient and Cressman [2] . I n addition, Cressman's [4] adaptation of the Bergth6rsson-Doos [3] analysis scheme must; be altered. For the levels involved, it was found that the most essential changes are (1) increased weighting of wind observations with respect, to those of isobaric height, (2) correction of reported heights and temperatures to compensate for effects of solar radiation on radiosonde temperature sensors, and ( 3 ) use of regression equations to build up the analysis from one level to the next.
Above the 50-mb. level, the degradation of reported information with increasing height and the sparseness of observations can frequently preclude a justifiable analysis for any individual observation time. While transmission errors and premature termination of ma.ny rawinsonde ascents account, for much of the reduction in high-level information, some is also lost. because of a predetermined cutoff time for acceptance of reports from communication
MONTHLCY WEATHER REVIEW
Vol. 93, No. 10 circuits supplying t,he comput,er. The scheduling of operations prohibits the input of data beyond 8 hours after observation time. A varying percentage of second transmissions, which include d l of the rawinsonde reports for levels above 100 mb., is received after this cutoff time, and is thus not available for processing.
In previous stratospheric analysis efforts [13, 21, 221 sparsity of data has been surmounted by application of procedures for vertical extrapolation of temperature and height, use of nearby lower-level winds, and where necessary, the incorporation of data for more than one observation time. These procedures, as well as those mentioned previously, have been introduced into the present computer operations. The purpose of this paper is to describe the system. While the overall performance of the system is adequate, many of its components can be refined. Therefore, brief comments on possible improvements will also be included.
AUTOMATIC DATA PROCESSING
The ADP system, as originally developed for the lower levels, identifies upper-air data among incoming teletypewriter reports and prepares the pertinent information for analysis. By means of a "dictionary," the system provides for the recognition of upper-air stations, their geographical locations, and types of radiosonde instruments they employ. Another major function is the detection and interpretation of the various meteorological codes. In addition, all decoded data are checked for accuracy and consistency. The decoding and checking procedures were altered, as necessary, for application to stratospheric observations. Furthermore, the ADP system was expanded to include provisions for dertical extrapolation, application of radiation corr&-tions, and the merging of off-time data. Figure 1 iliustrates the generalized flow of stratospheric data through the ADP system subsequent to identification and decoding. The blocks at the top represent information for three times: the 1200 GMT, or map time, observations and the 0000 GMT reports immediately previous and subsequent to map time. Data for ,each observation time are collected for a period of 8 hours and subjected to the various procedures shown in the lower blocks.
DATA INPUT
As will be brought out in later sections, the charts for 50,30, and 10 mb. are analyzed primarily for the 1200 GMT observations, with the off-time reports utilized to increase coverage. A t the 100-mb. level, data are sufficiently dense so that only 1230 GMT on-level reports are employed. Since circulation changes a t the upper levels progress quite slowly, the merging of off-time data appears to be a legitimate procedure [Ill. This method has the disadvantage of delaying analysis by 12 hr. However, the resulting superior accuracy of the product is highly desirable for research applications. 
DATA ERROR CHECKS
In order to obtain optimum results from the entire opetation, erroneous reports must be eliminated at the earliest possible stage of data processing. Therefore, three distinct data checks are applied to rawinsonde observations within the ADP program.
(1) Gross error check.-This procedure is designed to discard all reported temperatures and heights which violate the predetermined limits for each level ( An obvious limitation of the present scheme is the use of only mandatory-level temperatures in the calculation of Hc. A desirable further refinement would be the inclusion of all available significant-level temperatures in the determination of this parameter.
(3) Virtical wind check.-Continuity of the wind profile is preserved by eliminating reported winds that differ from those at nearby levels by more than a predetermined value. Rawins, when available, are merged with mandatory-level winds to produce as complete a profde as possible. Empirically derived limits for vertical wind shears within stratospheric layers are shown in table 2. As an example of the procedure, if the speed of a wind at a given level is between 21 and 60 kt., it is eliminated if it differs from the closest winds in a 600-m. layer by more than 20' in direction or 20 kt. in speed. The tolerance increases with the distance between the tested wind and the nearest comparison wind.
It would be desirable to increase the limits of acceptable shear in the highest layers at stations south of 15' N. Considerable wind variability and large vertical shears have been noted within the layer surrounding 10 mb. over this region.
CHECKED DATA OUTPUT
Subsequent to the checking of reported data, stations are sorted in ascending order of international index number and ships are sorted by ascending latitude. Intermediate results from the ADP system, consisting of checked data, are then printed out in station listings and also in the form of plotted charts.
The mechanically plotted chart shown in figure 2 indicates the areal coverage of 10-mb. data actually observed at 1200 GMT on February 16, 1965 . An example of the format employed for intermediate data output
is shown as a composite of three observation times in figure 3a.
VERTICAL EXTRAPOLATION' OF TEMPERATURE AND HEIGHT
Present-day radiosonde ascents frequently terminate slightly below the 50-, 30-, or IO-mb. levels. In many such cases, vertical extrapolation procedures may be applied to estimate on-level temperatures and heights. Therefore, the following criteria are employed to extend the checked temperature profiles to the next higher levels :
a. If the last two reported levels (mandatory and/or significant) within a sounding differ by more than 3 mb. and the terminating level is within 10 mb. of the desired pressure surface, the on-level temperature is obtained by linear extrapolation from the last two reported temperatures.
b. If the last two reported levels differ by 3 mb. or less and the terminating level is within 10 mb. of the desired pressure surface, the extrapolated temperature is obtained by use of an empirically determined constant inversion rate (0.8' C./mb. in summer and 0.4' C./mb. in winter) between the terminating level and the analysis level. This alternative was devised because the linear method (a) may produce erratic values of extrapolated temperature when applied to a thin layer.
c. If the sounding terminates at 20 mb., the 10-mb. temperature is extrapolated by use of the constant inversion rate described in (b).
Following the establishment of an extended temperature profile by means of one of the extrapolation methods, an on-level height is computed by use of the hypsometric relation. Examination of output data has shown that extrapolated temperatures and heights obtained in this manner are, in most cases, compatible with on-level observations from surrounding stations.
Erratic values are usually eliminated by the data quality controls within the analysis program.
SELECTION O F OFF-LEVEL WINDS
If mandatory-level winds are missing, reports from nearby stratospheric levels may generally be substituted without significant sacrifice in reliability. Therefore, in order to obtain maximum wind information, all available rawins are utilized. The following selections are made to compensate for missing wind data at 50 mb. and above:
a. At 50 and 30 mb., the nearest wind to the desired level within a range of approximately 1500 m. above and 3000 m. below.
b. At 10 mb. the acceptable range is from 1500 m. above to 4300 m. below.
In areas where systems slope markedly with height or where strong vertical shears frequently occur, results from this procedure are far from ideal. A more complex system, with the ranges of acceptance based on season, latitude, and circulation pattern could be developed.
R A D I A T I O N C O R R E C T I O N S
(1) Short-wave (solar) radiation correction.-The necessity for applying solar-radiation corrections to reported stratospheric temperatures and heights at 100 mb. and above to attain compatibility has been indicated previously [19] . It was shown that these corrections, which essentially reduce all reported values to the equivalent of " " " " " " " " " ""-""""- determined with high precision, the only source of uncertainty in the calculation of solar elevation angle is the time of radiosonde arrival a t each mandatory level. As no indication of this parameter is given in the coded rawinsonde message, an approximate release time and ascent rate must be assumed. From an inspection of individual station records, "normal" release times, to the nearest quarter hour, and typical rates of ascent have been determined for North American stations. However, since these records are not available for most of the remaining stations in the Northern Hemisphere, a release time of 20 min. prior to nominal observation time is utilized.
The solar radiation corrections programed for the computer (table 4) are based on information contained in several studies [6, 18, 19, 231. In most cases, the effects of solar radiation on the radiosonde instrument are not satisfactorily eliminated even though various correction schemes have been applied a t the stations. In the case of the French Metox instrument, temperature and height values must be reduced by as much as 15OC. and 700 m. at the highest levels and solar elevation angles. I n contrast, data reported by the British, Portuguese, and West German instruments require no additional corrections at the levels involved. Examination of input data has indicated that radiosonde instruments of the U.S.S.R.
are affected by solar radiation in much the same manner as the external-thermistor U.S. Weather Bureau type; therefore a similar correction is applied.
For computer operations the temperature corrections at all levels for each instrument type are represented in tabular form. Selection of the proper correction requires identification, within the ADP dictionary, of instruments used at all Northern Hemisphere stations. However, the only height corrections stored in the computer are those for the 100-mb. level. The remaining values are where A H , and AT, represent the height (meters) and temperature ("C.) corrections at the lower level, and AH, and AT, those at the upper level; p , and p, are the pressures at the lower and upper levels respectively. (2) Output for radiation correction studies.-The application of solar radiation corrections is of such vital importance to successful stratospheric analysis that a continuing study of the subject is being undertaken. As shown previously, various types of instruments are employed throughout the Northern Hemisphere, many requiring correction. In addition, more than one known type may be used at an individual station, and newly developed instruments have been put into service without notice. Until the International Radiosonde Code can be altered to specify the type of instrument in use for each station observation, indirect methods must be employed in an attempt to deal with the problem. Output in the form of checked temperatures and heights, coupled with the appropriate solar elevation angles, is obtained from each ADP operation.
Monthly mean day-night differences are computed for all stations and compared with those derived from previous studies [6, 18, 191 . If the magnitudes of the differences for given solar angles compare favorably, it is concluded that the instrument type has not been changed. In cases where the magnitudes differ significantly, an attempt is made to determine the cause of the discrepancy. Correction tables may be modified or replaced as a result of such investigations. Unfortunately, with this procedure, the time lag between an instrument change and its discovery is considerable.
(3) Long-wave radintion correction.-As mentioned previously the correction of temperatures and heights to .compensate for solar radiation errors of the radiosonde instrument reduces all values to the equivalent of observations in darkness. However, a recent theoretical investigation [l] has indicated that, within the range of normally expected 10-mb. temperatures and in the absence of solar radiation, the U.S. military-type radiosonde thermistor records lo-3O C. too low because of long-wave radiational losses. Errors at higher pressures were found to be insignificant. With the assumption that most temperature sensors react in the same way as that employed in the U.S. military radiosonde, all 10-mb. data are subjected to an additional correction for this infrared radiational error.
The correction takes the form T'1o=1.06251;0+5.09 ("C.1
H',o=H,o+T,o+81.4 (meters) (6) where T'lo and HClo are the corrected 10-mb. temperature " a In (6) . TIO is the number of meters algebraically equal to the temperature. and height and Tlo and Hlo the uncorrected "nighttime" values, i.e., either actual nighttime readings or daytime data that have been corrected for solar radiation.
MERGING OF DATA FOR ANALYSIS INPUT
In previous sections of ADP, all data for three consecutive observation times have been checked, extrapolated, and corrected for systematic errors. A decision must be made a t this point as to the particular parameters to be utilized by the analysis program. Since reported 100-mb. data for any observation are sufficiently dense to insure a representative analysis, only 1200 GMT, on-level reports are employed for that level. The selection of 50-, 30-, and 10-mb. heights and temperatures for analysis is governed by the following order of priority:
a. On-level (50-, 30-, and IO-mb. mandatory level), on-time (1200 GMT) report.
b. Average of the on-level 0000 GMT reports immediately preceding and following map time.
c. Any single on-level 0000 GMT report within 12 hr. of map time.
d. A vertically extrapolated on-time report. e. Average of the extrapolated 0000 GMT reports immediately preceding and following map time.
f. Any single extrapolated 0000 GMT report within 12 hr. of map time.
The selection of winds for analysis input is independent of that of temperatures and heights, with priority as follows:
a. On-level (50-, 30-, and 10-mb. mandatory level), on-time (1200 GMT) wind.
b. On-time wind selected from a rawin report at a nearby level.
c. On-level 0000 GMT wind, 12 hr. prior to map time. d. Off-level 0000 GMT wind, 12 hr. prior to map time. e. On-level 0000 GMT wind, 12 hr. following map time. f. Off-level 0000 GMT wind, 12 hr. following map time.
OUTPUT OF MERGED DATA
Upon completion of the final stage of ADP, the analysis input data are printed out in station listings and plotted charts analogous to those obtained from the initial datachecking and sorting operations.
That portion of the listing including Baker Lake, Canada (72926), is shown in figure 3b . The merged information has been edited so that only analysis-level data for 100 mb. and above are presented. Data for the 70-and 20-mb. levels have been processed even though analysis for those levels is not currently performed.
The data shown in figure 3b were obtained in the following manner: 100 mb. over that including only the 1200 GMT checked data ( fig. 2) . 20 mb.-on-level, off-time (0000 GMT, February 17) The total number of reports has risen from 76 to 220, height and temperature; no winds available; stations with heights from 75 to 210, and stations with 10 mb.-vertically extrapolated, off-time (0000 GMT, winds from 31 to 136. February 17) height and temperature; no winds available.
The Baker Lake observations for both 0000 GMT and
COMPUTER OPERATIONS FOR A D P SYSTEM
1200 GMT were in total darkness a t all levels; hence no Figure 1 illustrates the pTocessing of three observation solar-radiation corrections were applied.
The 10-mb. times for each daily map set. However, once the sequence values, however, include long-wave height and tempera-of operations has been initiated only two observations per ture corrections of approximately 30 m. and 1.8" C., day are prepared, since the "previous" 0000 GMT data on respectively.
the current map day coincide with the prior day's "subThe plotted chart of 10-mb. analysis input data is shown sequent" 0000 GMT reports. Although the operation of the ADP system is shown in figure 1 to be a single logical sequence, daily computer functions are more complex. The approach to the operational system has been devised so that:
1. The data error-check procedures of ADP are carried out for all atmospheric levels in a single routine computer operation. This is performed after a data collection period of 8 hours following each 0000 GMT and 1200 GMT observation time.
It requires between 10 and 15 min. of IBM 7094-11 computer time.
2. A separate program subjects the data at 50 mb. and above to the specialized vertical extrapolation and off-level wind selection procedures. I n addition, all reports a t and above 100 mb. are corrected for radiation errors. This program requires 2% to 3 min. of computer operation per observation time.
3. After the later 0000 GMT observation has been processed, the corrected data for three observation times are merged to form the input for the analysis system. Approximately one minute of computer time per day is required for the running of the last program.
MONITORING OF ANALYSIS INPUT DATA
Until computer programs cap be improved to cope adequately with all of the errors and other deficiencies of observational data, non-automatic subjective monitoring will continue as an important supplement to the objective analysis operation. This monitoring takes place after completion of ADP and usually reqaires two man-hours for each set of four charts. At this point, listings and plotted charts containing the analysis input data are available, as well as the intermediate listings and plotted charts of the checked data for each of the three observation times.' The most convenient method of monitoring consists of superimposing the input-data plotted charts on the previous day's analyzed maps, and noting the 24-hr. changes in height, temperature, and wind. Considerable difficulty has been encountered in the determination of reasonable data-rejection criteria within both the ADP and analysis systems. The limits must be set broad enough to allow for the largest probable daily cha.nges, but they also must function as a filter for the elimination of inaccurate data.
Therefore, if any reported changes appear to be unreasonable but within the analysis program limits, the monitor has the option either to suppress the report at any station or to change any parameter to conform more realistically with surrounding data. The latter result is accomplished by the insertion of artificial data into the analysis. In addition, results of the various schemes for increasing data coverage must also be examined continually in order to check their reliability with regard to characteristic circulation patterns.
THE ANALYSIS SYSTEM
Objective analysis has been defined [4] as the process of transforming data from irregularly spaced observations into values at the points of a regularly spaced grid. The technique employed for the analysis of stratospheric charts utilizes the input data to effect adjustments of "first-approximation" height and temperature fields. A general flow diagram of the analysis system is shown in figure 5 . This system is basically similar to that used for the lower levels [9] . However, several fundamental alterations were required to compensate for the general degradation of stratospheric data. For example, it was found that realistic analysis of the data requires relatively large wind weighting, since the magnitude of the height error increases more rapidly with altitude than that of the wind error. Smoothing procedures, which are routinely applied to all analyses, were increased in both degree and number in order to eliminate fictitious small-scale perturbations. In turn, these relatively heavy smoothings created new problems, such as attenuation of the intensities of circulation systems.
To counteract this undesirable feature, the intensity of the beight-gradient field is restored through amplification of the vorticity field. As a consequence of the difficulties engendered by the data problems, changes were also made in the errordetection routines of the analysis program.
DERIVATION OF "FIRST-APPROXIMATION" FIELDS
An approximation to a given analysis may be derived by several different techniques. Day-to-day changes in the stratospheric circulation are generally small. Therefore, persistence, in the form of the previous analysis, is a useful "first approximation." An extrapolated analysis, derived by means of regression equations based on climatology [15, For the extrapolation from 30 to 10 mb., regression coefficients for each month were determined by subjective analysis of individual scatter diagrams plotted for five latitude bands. The paucity and dispersion of data on the charts, especially those for high latitudes, led to the restriction that 10-mb. temperature be a function only of that parameter a t 30 mb.
Studies of stratospheric circulation have disclosed that at least two distinct regimes sometimes occur in January and February.
Therefore, separate sets of 10-mb. regression equations have been derived for each type of circulation pattern, the one appropriate to the prevailing mode being inserted into the program. Figure  6 shows the February height and temperature diagram for the 45O N. to 59O N. latitude belt. The coefficients computed from this and four other such diagrams are included in table 5. This set of regressions is for use with a stratospheric circulation pattern that has not been influenced by a mid-winter warming.
The system has been so devised that the relative contributions of persistence and of regression build-up can be varied in preparing the first approximation. After study of a number of experimental cases involving charts a t 24-hr. intervals, equal weighting of these two components was determined to be the optimum combination at 50, 30, and 10 mb. The 10-mb. first-approximation chart for February 16, 1965 ( fig. 7) was derived from the previous day's 10-mb. analysis and a regression build-up from the completed 30-mb. chart for February 16. Routine operations require twice-daily 100-mb. analysis at the National Meteorological Center. However, input data for these charts are not corrected for solar radiation errors. As shown in the flow diagram ( fig. 5 ), the 1200 GMT operational 100-mb. chart is used as the first approximation for the comparable analysis of the IQSY series.
The accuracy of the "first approximation" becomes a critical factor for stratospheric analysis, since this field, in many cases, represents the final analysis over relatively large areas. Therefore continuing investigations are being directed toward improving the system, with particular emphasis on the regression equations. The present method of stratifying the coefficients into latitude bands, without consideration of longitudinal variability, severely limits the resolution and accuracy that can be obtained. For example, a common wintertime circulation pattern at the 30-and 10-mb. levels is that of wave number one, in which a large cold cyclone and warm anticyclone, diametrically opposite, dominate the Northern Hemisphere.
The temperature variation within a high-latitude belt (e.g., 60° N.-70° N.) may exceed 50' C., with a correspondingly large range of contour height. In such cases the regression equations will fail to specify the true height and temperature patterns over large areas typical of the extremes of the range. Ideally then, the data from which the regression coefficients are derived should be classified according to the prevailing circulation and thermal patterns, rather than limited and arbitrary geographical divisions. This approach has been utilized to a small extent in the derivation of IO-mb. regression equations for two broad categories of mid- winter patterns, characterized by the occurrence or non-occurrence of a major stratospheric warming and circulation breakdown.
THE ANALYSIS PROCEDURE
Stratospheric analysis is accomplished in five consecutive scans over an octagonal grid consisting of 1977 points ( fig. 8 ) . The grid interval varies with latitude and is 381 km. a t 60" N. Each scan is initiated at the lower left corner of the grid and proceeds from left to right, terminating at the upper right corner. The "firstapproximation" height and temperature fields provide grid-point values for use in the initial scan. The input data contained within a circle of prescribed distance, or scan radius, from each grid point contribute to the adjustment of the grid-point values.
The result of this modification becomes the approximation for the following scan. For each succeeding scan, the radius is decreased (table 6) and the grid-point values produced in the previous scan are fitted more closely to the input data.
The initial adjustment of the first-approximation height field is performed by means of the relation where AH is the height adjustment for a given grid point, and D H is the difference between the input height and the approximation value interpola,ted to the station location.
The general weighting factor F is given by F = ( W -d 2 ) / ( N 2 + d 2 ) (8) where d is the distance in grid lengths between the input report and the grid point, and N is the scan radius. F is set to zero for d>N. Fma, is the weight of the report nearest the grid point. It can be seen from equation (8) and table 6 that a report at the grid point would have a weight of unity, while one located six or more grid lengths from the point would receive zero weight and therefore not be included in the adjustment process for that grid point.
As shown in table 6, the largest value of N is employed for the initial scan, thus allowing the greatest adjustment of the height field. However, consideration of reported winds with such a large scan radius can result in unrealistic height gradients. Therefore winds are not used in the first scan, but are weighted more heavily than the heights in scans 2 and 3. The adjustment for these scans is given by
where A is the adjustment to the height field, and Dw is the difference between the approximation gradient, interpolated to the station location, and the input wind (which has been converted to a height gradient in components corresponding to the grid The effect of these multipliers is to give wind reports four times the weight of heights in scan 2, and six times in scan 3.
As an example of an operation employing equation (9), assume three stations to be included within the scan circle for a given grid point. Furthermore, let one station's report consist of a height only, another of a height and wind, and the third of a wind only. These reports would be evaluated according to terms (a), (b), and (c), respectively, of the numerator and denominator.
Early in the development of the map series, the analysis procedure was limited to four scans, with the relation (9) However, study of the resulting charts revealed that contour patterns were not being sufficiently adjusted to the wind reports, especially over lower latitudes. Substantial increases in the windto-height weighting function did not achieve the desiked results. I n addition, a latitude-dependent wind weighting procedure was devised, but also proved to be unsuccessful. However, significantly superior charts were obtained by adding a fifth scan to the analysis procedure and utilizing only the wind reports for the contour adjustment during the last two scans. The adjustment formula adopted for scan 4 is and for scan 5
where n is the number of wind reports within the scan area. Of these last two scans, the latter contributes less to the adjustment since the scan radius is smallest (table 6) and n is nearly always larger than C F .
Temperature fields are adjusted to the input data by means of where AT is the temperature adjustment for a given grid point, ZIT is the difference between the input temperature and the approximation value interpolated to the station location. This relation is used in all five scans with the same decreasing radii as are employed for the analysis of the height field.
DATA QUALITY CONTROL WITHIN THE ANALYSIS PROCEDURE
I n spite of the extensive checking performed in ADP, errors may still be present in the analysis input data. Many of these errors can be detected only by comparing the observations with a given analysis (e.g., the first approximation) or with reports at neighboring stations. This error detection can best be accomplished within the analysis program, where all data for each specified level are readily available. During the five analysis scans, the various inputdata parameters are compared with the approximation fields. Any input parameter that differs by more than a predetermined amount is eliminated from further consideration in the analysis procedure. The data rejection limits employed for the winter months are shown in table 6.
Numerous tests were conducted in order to ascertain proper values for the rejection limits. From the onset, the need for a latitudinal variation was clearly indicated. As can be seen from table 6, the preset limits for scans 2 through 5 are considerably more stringent south of 35' N. than to the north of that 1a.titude. However, particular difficulty was encountered in prescribing the scan 1 height rejection limits during t.he winter season. Real differences between the first approximation and the input data can be quite large within areas of intense gradients and relatively rapid changes. In order to retain valid reports within these areas it mas necessary to relax the preset limibs t o an unreasonable degree. This difficulty was alleviated by specifying the scan 1 height rejection limit, as a function of first-approximation height gradienh. Even though the synoptic situation was considered in determining scan 1 rejection limits, a small percentage of valid reports continued to fail. To reduce the likelihood of such data being discarded because of deficiencies in the first-approximation fields, the following test for compatibility of input data is performed prior t o analysis [lo]. I f three or more reports are contained within a scan circle of two grid-length radius from a grid-point, the mean difference between these reports and the values of the firstapproximation fields at the stations is computed by where QD=Qc-Qo; Qc is the first!-approximation value at the station, Qo is the reported value at the same station, and n is the number of differences (stations) considered. The retention of compatible data as det,ermined by this so-called "scan 0," then proceeds according to the specifications given in table 7.
The test for compatibility proved highly effective in reducing the amount of subjective monitoring. The principal remaining monitoring problems arise in sparsedata areas.
SMOOTHING OPERATIONS
The fist-approximation map frequently contains numerous small-scale perturbations and discontinuities, especially at the boundaries of latitude belts where regression equations change. Similar undesirable features become evident after each of the analysis scans. Therefore,
2%
smoothing of the type described by Shuman [14] is performed at various stages of the analysis. Except for boundary points, which are smoothed by a simple spacemean method, every point within the 1977-point grid becomes the center for a smoothing operation involving nine grid points. The 9-point grid array is in the form = % (~t -2 . r + H i + z . r +~I . , , -2 +~i , , + 2 ) " H i ,~ (17) The constant 0.21 was determined empirically, and can be altered as necessary. The effect of (16) is to lower heights in the neighborhood of a maximum in the relative vorticity field, and to raise heights in the vicinity of a vorticity minimum. Thus the height field can be recovered with strong gradients and prominent circulation features restored to more nearly their proper intensity.
:El: where ( )k is the value of the temperature or height at point k of the array.
Numerous tests were conducted in order to determine the optimum combinations and applications of the smoothing operators.
As shown in figure 5, they are utilized at three distinct stages of the analysis procedure. First-approximation height and temperature fields for 50, 30, and 10 mb. are smoothed by use of both (14) and (15) . Upon completion of scan 3, the height field is subjected to the same heavy smoothing at all four levels (100, 50, 30, and 10 mb.). However, following scan 5, height and temperature are smoothed with (14) only, at all levels.
Since the scan area for each grid point is a circle, the omnidirectional distribution of height differences in the adjustment process also has a smoothing effect. This is particularly evident in areas of strong gradient, where the contours tend to be spread laterally.
An elliptical scan area, with the major axis oriented parallel to the direction of flow, has been suggested' [7] as one means of minimizing this undesired smoothing effect and thus of preserving the character of jet streams.
VORTICITY AMPLIFICATION AND HEIGHT FIELD RECOVERY
An unavoidable consequence of the smoothing method employed is the reduction in intensity of circulation features. The effect is particularly pronounced in winter when a deep cyclonic vortex dominates the higher latitudes. To restore the intensity lost in smoothing, geostrophic relative vorticity of the smoothed height field is arbitrarily increased after completion of scan 5. A t every point of the 1977-point grid, except those on the boundary, the modification is given by where i and j are the grid coordinates ( fig. S) , H is the smoothed height, and H' is the restored height. Lt,,, the finite-difference Laplacian of the smoothed height field, is given by
ELIMINATION OF NEGATIVE ABSOLUTE VORTICITY
During the analysis procedure geostrophic absolute vorticity is required to be positive throughout the entire area. I n application of the so-called " ellipticizer" [4] , the absolute vorticity is computed from the final height field (H') for each grid point.
If the absolute vorticity for any point is negative, the excess anticyclonic relative vorticity is distributed about the point in such a manner that the mean vorticity in the vicinity of the point is unaltered. The resultant changes in stratospheric height fields are generally very slight.
MONITORING OF COMPUTER ANALYSIS OPERATION
During the analysis operation an indication of the goodness of fit between the input data and approximation fields before each of the five analysis scans is provided by means of a printed listing.
The portion relevant to the 10-mb. analysis for February 16, 1965 is shown in figure 9 . All parameters listed under scans 1 through 5 differed from the first and successive approximation fields by more than the indicated limits. Parameters that deviated significantly from the final analysis are listed under "scan" 6. Information regarding the fit of the data to the fist-approximation chart and the final analysis is also listed, along with the number of heights and temperatures utilized.
In the computation of mean and root-mean-square errors for both the Northern Hemisphere and the North American region, only permanent land and ocean stations are considered.
The statistics listed in figure 9 indicate that nearly onethird of the 10-mb. heights were rejected during the five scans, while most of the temperatures were utilized fully. These ratios can normally be expected at this level during the winter season. A survey of the rejected parameters will show that only one wind was not employed during the five analysis scans. Although not shown in the listing, the data input included 136 wind reports (see fig. 4 ). I n appraising the quantity of data rejected it should be noted that only the parameters eliminated during the first scan are not considered for any part of the analysis. All others are utilized to varying extents.
A measure of external control is also provided during the computer operation of the analysis system.
At the monitor's option, the computer will halt after listing the data to be rejected for each scan. Reports that are judged valid may be retained for further analysis consideration, as in the case of those underlined in the scan 1 listing. As will be shown later, these "forced-in" reports indicated a 
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C76 300 001 00000 FIGURE 9.-The IO-mb. portion of the output available during computer operation of the analysis system. This listing contains the data-rejection limits for each scan (shown on same line as scan number). Also included is a listing of rejected parameters for each scan. The first rejected report is listed as 5/3348H78384 3106, where 3348 is a grid identification, H indicates that the parameter is height, 78384 is the station's international index number (Roberts Field, Grand Cayman Is.), and 3106 is the valuc of the rejected height in decameters. The letter S preceding the solidus is for computer opcrational use. Also included after scan one and scan six is a statistical evaluation. This listing shows the number of heights (H) and tcmperatures (T) available for analysis ovcr the Northern Hemisphere (NH) and part of North America (US). Also includcd are values of the mean error (ME) and root-mean-square error (RMSE).
developing warm anticyclone over Eurasia that was not portrayed on the first approximation. The necessity for manual intervention in this situation points out presently unavoidable deficiencies within the data-checking routines of the analysis program. If the high-level warming bad been delineated by a denser cluster of reports, the preanalysis data compatibility test would have specified retention of those parameters. However, control of the few available reports was transferred to scan 1, during which the data failed the prescribed limit tests.
DISCUSSION OF ANALYSIS SYSTEM OUTPUT
One of t.he foremost benefits of the computerized analysis system is the rapid availability of the final product. Approximately 7 minutes of computer time is required for the analysis of four maps each day. Upon completion of computer operations an electro-mechanica,l data-plotting and linedrawing device converts the analysis output to the conventional form of isopleths on a constant-pressure chart. The machine is programed to produce contours as solid lines and isotherms as dashed lines, to label Highs and Lows, and to print values of the various height and temperature centers. Each chart is completed in approximately 5 minutes.
The set of stratospheric charts for February 16, 1965 (figs. 10-13) is representative of the final output from the analysis system. This typical wintertime pattern is dominated by a cold-core cyclonic vortex at all levels. The westerly gradient increases markedly with altitude over northern latitudes within the "polar night" region, while to the south of the stratospheric "warm belt" the rapid decrease of gradient with altitude is equally striking.
Figures 7 and 13 illustrate the close correspondence between the 10-mb. fist approximation and final analysis. Similarity between the contour fields is remarkable throughout the entire area covered by the polar cyclone. The final analysis of the temperature field, however, contains several features that were not included in the first approximation. Of particular significance is the warm center located over central Siberia. This rapidly intensifying disturbance did not appear on the previous day's chart. Furthermore, the warming apparently began above the 10-mb. level and penetrated downward with time. For these reasons it could not have been represented in the fist-approximation field by either the persistence contribution or the regression build-up. As mentioned earlier, manual intervention during analysis was required to insure proper utilization of the data portraying this phenomenon.
Examination of the analyses has revealed numerous problems of varying importance. Perhaps of greatest concern is the preservation of internal, especially hydrostatic, consistency within each set of charts. This, at times, becomes difficult to achieve since the input-data field may be a composite from three observation times, the analysis procedures for temperature and height are mutually independent, and the amplification of vorticity may not compensate exactly for the intensities lost in smoothing. There is no simple solution for this problem, other than subjective adjustment by the monitor. Studies are being undertaken to determine what improvements are feasible within the framework of the system. Also of concern are isolated and not completely realistic circulation or thermal centers which often appear around isolated stations or at the edges of dense-data areas. In extreme cases, the result may be a "bull's-eye" pattern within the contours or isotherms. Careful monitoring is necessary to eliminate these undesirable features.
I n low latitudes, especially near the boundaries, other deficiencies in the appearance of the charts are noticeable at times. Most evident is a lack of intermediate contours because of the fact that only a single contour interval, determined mainly by the gradients in northern latitudes, can be employed a t present. This characteristic is clearly illustrated in the low-latitude portion of the 30-mb. chart for February 16 (fig. 12) . On the other hand, extraneous isopleths near the boundaries of the charts do not appear to be consistent with the overall analysis. Where such inconsistencies cannot be resolved, these short line segments are manually erased.
In order to facilitate research which utilizes analyzed stratospheric data, grid-point values of each map are obtained on punched cards as part of the output. These card decks, one each for height and temperature, contain values a t the 1977 points of the octagonal grid ( fig. 8) . A special packed-data format is employed to limit the number of cards to 35 for one parameter at a given level. One example of the use that can be made of the grid-point data is the auxiliary computer program regularly employed to produce monthly-mean height and temperature analyses for the four stratospheric levels. 
CONCLUSIONS
Constant-pressure analysis of stratospheric data is being accomplished by essentially the same objective techniques that are employed for the lower levels. However, numerous modifications to the computer programs were necessary in order to process and analyze the highlevel data in the most efficient manner. Many of these modifications have been incorporated during the course of daily operations, which commenced at the beginning of the IQSY period. Although the present product is considered comparable in quality to results of subjective stratospheric analysis, research is continuing in several areas in order to improve the quality and usefulness still further. These efforts include continued development of several aspects of the ADP system, such as the hydrostatic check, vertical extrapolation, and radiation-correction procedures. I n addition, the accuracy of first-approximation fields will be improved by new sets of regression coefficients that are being derived as more data become A major effort is also in progress to refine the analysis portion of the system to such a degree that subjective monitoring of input data can be eliminated completely.
In recent years several novel and sophisticated approaches to objective analysis have been suggested. However, the problems of inconsistency and sparsity of present-day stratospheric data are serious obstacles to the successful implementation of such systems. Hence it is expected that the Bergth6rsson-Doos-Cressman method will for some time remain the most practical and economical stratospheric objective analysis technique.
The analysis project was planned and instituted pri- marily to aid stratospheric research efforts during the IQSY period. The series is available to all interested researchers in the form of microfilmed charts and gridpoint data on punched card decks.
If a more urgent operational requirement for the charts should arise, various modifications would have to be made to the system. A major change would be the elimination of the use of three observation times to obtain input data for all levels above 100 mb. As a result the quality of 'analyses might suffer severely unless special attention were given to the problem of reliable transoceanic transmission of data within a reasonable time after the observation. Attainment of this goal requires adoption of rawinsonde codes designed specifically for machine processing and the use of communication channels providing higher speed and greater reliability, particularly in the relay of information between circuits. In addition, improvements in quality and quantity of stratospheric data by development of more accurate radiosonde instruments and increase in the percentage of soundings attaining high altitudes are necessary to enhance the usefulness of the analyses.
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